ABSTRACT Thrips-transmitted Iris yellow spot virus (IYSV) is an important economic constraint to the production of bulb and seed onion crops in the United States and many other parts of the world. Because the virus is exclusively spread by thrips, the ability to rapidly detect the virus in thrips vectors would facilitate studies on the role of thrips in virus epidemiology, and thus formulation of better vector management strategies. Using a polyclonal antiserum produced against the recombinant, Escherichia coli-expressed nonstructural protein coded by the small (S) RNA of IYSV, an enzyme linked immunosorbent assay was developed for detecting IYSV in individual as well as groups of adult thrips. The approach enabled estimating the proportion of potential thrips transmitters in a large number of Þeld-collected thrips collected from Þeld-grown onion plants. Availability of a practical and inexpensive test to identify viruliferous thrips would be useful in epidemiological studies to better understand the role of thrips vectors in outbreaks of this economically important virus of onion.
Thrips (Thysanoptera: Thripidae) are cosmopolitan insects and act both as a pest and virus vector thus causing serious economic damage to numerous horticultural and Þeld crops in many parts of the world (Montano et al. 2011) . For example, onion thrips (Thrips tabaci L.) can cause yield losses of Ͼ50% in onion (Fournier et al. 1995) . It is considered an indirect pest of dry bulb onion as it feeds on leaves rather than bulb. Feeding injury reduces the photosynthetic ability of the host plant (Molenaar 1984; Parrella and Lewis 1997) by destroying the chlorophyll-rich leaf mesophyll (Molenaar 1984) , which interferes with nutrient transportation to bulb (Parrella and Lewis 1997) . In addition to being a serious pest, it also transmits the Iris yellow spot virus (IYSV) (Bunyaviridae: Tospovirus), a serious viral pathogen of onion (Gent et al. 2006 , Pappu et al. 2009 ). Increasing incidence of IYSV has been reported in the United States and other parts of the world in recent years (Bulajic et al. 2008 , Huchette et al. 2008 , Pappu and Matheron, 2008 , Ward et al. 2008 , Pappu et al. 2009 , Bag et al. 2009a , Sether et al. 2010 , Mandal et al. 2012 . IYSV is predominantly transmitted by onion thrips, T. tabaci (Nagata et al. 1999 , Kritzman et al. 2001 . Recently, tobacco thrips, Frankliniella fusca (Hinds), was shown to transmit IYSV albeit with much lower efÞciency as compared with onion thrips (Srinivasan et al. 2012 ). The virus is not transmitted through the egg and there is no evidence of virus transmission through seed. Hence, infected plants as transplants and viruliferous thrips (ϭ transmitters) are the primary source and means of virus spread. At present, there are limited options available for managing IYSV outbreaks (Pappu et al. 2009 ). The ability to rapidly and accurately detect IYSV in thrips vectors for the purpose of estimating the proportion of viruliferous thrips from the Þeld could potentially provide information that would be useful in managing this pest complex.
The family Bunyaviridae consists of arthropodborne RNA viruses (Elliott 1990 , Nichol et al. 2005 and all but one genus Tospovirus in this family infect animals or humans. Genus Tospovirus, is the only genus in this family whose members infect plants (Moyer 1999, Tsompana and Moyer 2008) . Tospoviruses developed a close biological association with their thrips vectors; adult thrips transmits the virus only if the virus was acquired during the larval stage (Sakimura 1962 , Ullman et al. 1992a , with majority of thrips becoming viruliferous in the second larval stage . The frequency of emergence of viruliferous thrips depends on the duration of feeding by the Þrst instar larvae on infected plants and may be affected by the amount of virus particles acquired by larvae. Even though the virus replicates in its thrips vector, transmission of virus by the adult thrips occurs intermittently for the duration of their lives (Ullman et al. 1992b . Adult thrips that fed on virus-infected plants, for the Þrst time do not transmit the virus (Wetering et al. 1996 , de Assis Filho et al. 2004 . However, the relationship between the virus accumulation in the plant and the acquisition rate is not well known.
Control of tospovirus epidemics by managing thrips populations with insecticides has been difÞcult because of the wide and diverse host range of both tospoviruses and thrips vectors (Cho et al. 1989 , Pappu et al. 2009 ). Still, pest management practitioners recommend the use of insecticide applications or rotating the cropping systems to avoid thrips infestation (Mautino et al. 2012) .
The ability to determine the proportion of viruliferous in a population would facilitate a better understanding of the role of a particular thrips species in tospovirus epidemiology may help reÞne vector management tactics to increase their efÞciency and effectiveness. Information on thrips transmitters could be a useful parameter in developing a forecasting system for disease outbreaks. One approach to identify viruliferous thrips population is to conduct a bioassay using plant hosts as indicators (Cho et al. 1989 (Cho et al. , 1991 Allen and Matteoni 1991) . Other methods that were used for the detection of viruliferous thrips include serological methods, such as enzyme linked immunosorbent assay (ELISA; Cho et al. 1989 , Ullman et al. 1992c , Bandla at al. 1994 , electron microscopy (Ullman et al. 1992a), nucleic acid dot blots (Rice et al. 1990) , immunological squash blot (Aramburu et al.1996) , and real-time quantitative polymerase chain reaction (RT-PCR; Boonham et al. 2002) . ELISAbased testing of thrips using antiserum against the viral structural protein (nucleoprotein) for determining potential virus transmitters likely overestimates the proportion of transmitters because a given Þeld-originated thrips population may contain both transmitters (that acquired the virus in their larval stage) and those that ingested the virus as adults. Still, use of biological assays to identify the transmitters is effective but expensive and time consuming.
The complete genomes of IYSV L and M RNA were cloned and sequenced (Bag et al. 2009b (Bag et al. , 2010 . The L-RNA is in negative sense and potentially codes for the RNA-dependent RNA polymerase (RdRp) in virion complementary sense , Bag et al. 2010 . The M and S RNAs are ambisense in their genome organization and code for two proteins each (Bag et al. 2009b , Cortez et al. 2002 . The S RNA of tospoviruses encodes the viral structural nucleocapsid protein (N) and a nonstructural protein (NSs). NSs was found in infected plant cells and thrips transmitters but not in assembled virions or healthy plants (de Avila et al. 1990 , de Haan et al. 1990 .
A serological assay that can facilitate high throughput testing and is sensitive, rapid, and speciÞc to the virus is more desirable as it is also likely to be cost effective. An ELISA-based assay that would detect a NS of IYSV would be a useful tool. Detection of NSs would then be indicative of virus replication, suggesting that the thrips that test positive could potentially transmit the virus as opposed to those that carry the virus as a contaminant. Thus, the objective of this research was to develop materials (NSs-speciÞc antibodies) and a methodology (an ELISA-based assay) and apply them in identiÞcation of potential thrips transmitters from Þeld collected adult thrips.
Materials and Methods
Onion samples from various commercial Þelds in the states of California (IYSVÐCA), Idaho (IYSVÐID), and New York (IYSVÐNY) were collected and tested for the presence of IYSV infection by ELISA using a commercially available ELISA kit (Agdia Inc., Elkhart, IN) or RT-PCR . Uninfected, healthy onion plants grown in a growth chamber were used as negative controls.
The NSs gene (1,331 nt) was ampliÞed using gene speciÞc primers 5Ј-CCT TTT TTT TTT CAT ATG TCT ACC GTT AGG ACT ACG GC-3Ј (forward primer) and 5Ј-TTA TGG ATC CTC ACT GCA GCT CTT CTA CA-3Ј (reverse primer) with NdeI and BamH I restriction sites (underlined) at 5Ј end of forward and reverse primers, respectively. The amplicon was cloned into TOPO-TA cloning vector (Invitrogen, Carlsbad, CA). Recombinant clones were identiÞed using colony PCR and restriction analysis and the NSs gene was released by restriction digestion with NdeI and BamHI , subcloned into expression vector pET15b containing the N terminal His-tag sequence (Novagen, Darmstadt, Germany). The recombinant pET15b clone was mobilized into the Escherichia coli (Rosetta) strain (maintained in laboratory) according to the standard molecular biology protocols (Sambrook and Russell 2001) . Transformants were screened and maintained on Luria agar plates containing appropriate antibiotics (50 g/ml of ampicillin and 34 g/ml of chloroamphenicol). Expression of fusion protein by 100 mM isopropyl-␤-D-1-thiogalactopyranoside and was puriÞed using nickel (Ni) column according to the manufacturerÕs instructions. Fractions were analyzed by sodium dodecyl sulfateÐpolyacrylamide gel electrophoresis (SDSÐPAGE; Laemmli, 1970) using 5% stacking gel and 12% resolving gel.
The recombinant NSs protein was puriÞed and emulsiÞed with an equal volume of FreundÕs incomplete adjuvant and injected intramuscularly (100 g per animal) into two rabbits. Four additional booster doses were given at weekly intervals. Rabbits were Þrst bled 14 d after every booster dose and the serum was collected and stored at 4ЊC.
The antiserum was Þrst tested for reactivity against E. coli expressed recombinant IYSVÐNSs protein. The recombinant protein was electroblotted (30 V for 3 h) onto nitrocellulose membrane (Amersham Biosciences, Piscataway, NJ) using Tris borateÐ ethylenediaminetetraacetic acid (TBE) buffer. The membrane was kept in blocking solution (3% bovine serum albumin [BSA] in tris-buffered saline) for 1 h and probed with the antiserum produced against the NSs at 1:4,000 dilutions for 120 min. The bound antibodies were detected with antirabbit IgG alkaline phosphatase conjugate (Sigma, St. Louis, MO; 1:5,000 dilution) and 0.33 mg/ml Nitro blue tetrazolium chloride (Sigma, St. Louis, MO) and 0.175 mg/ml 5-Bromo-4-chloro-3-indolyl phosphate, toluidine salt (Sigma, St. Louis, MO) as substrate.
The antiserum was used in direct antigen-coated (DAC)-ELISA (Clark and Bar-Joseph, 1984) to detect IYSV in various onion plant samples that were previously conÞrmed to be IYSV-infected. Plant samples infected with impatiens necrotic spot virus (INSV) and tomato spotted wilt virus (TSWV) were included to rule out cross reactivity of the antiserum to these two viruses. A dilution series of the antiserum, ranging from 1:200 to 1:6,000, was used to determine the optimal titer of the antiserum for use in DACÐELISA for detecting IYSV.
Further, for the detection of IYSVÐNSs protein in thrips, DACÐELISA (Clark and Bar-Joseph, 1984; Bandla et al. 1994 ) was used to test thrips collected from three different sources. A Þne-tipped brush was used in collecting, transferring, and removal of thrips from plants. Thrips were placed in vials containing 100 l of extraction buffer (0.01 M sodium-potassium phosphate buffer, pH 7.4, containing 0.02% sodium azide [wt:vol], 0.8% sodium chloride [wt:vol], 0.05% Tween 20 [vol:vol] , and 2% polyvinylpyrrolidone mol wt 40,000 [wt:vol] (Sigma) and stored at Ϫ20ЊC until analysis. Individual thrips were removed from the storage vials with a Þne-tipped camelÕs-hair brush, placed onto separate micro centrifuge tube, triturated in 50 l of ELISA extraction buffer with a sterile blunt end plastic pestle. The suspension was transferred to a ßat bottom ELISA plate and incubated overnight at 4ЊC. Plates were washed three times with Phosphate buffered saline (PBS) containing 0.05% Tween 20 (PBS-T) and blocked with 75 l of 1% BSA for 2 h at 37ЊC. After washing the plates, 50 l of polyclonal anti-NSs antibody diluted (1:4,000) in antigen dilution buffer (0.2% BSA, 2% PVP 40 and 0.02% sodium azide, pH 7.4) were added to the wells, and the plates were incubated at 37ЊC for 2 h. Plates were washed three times with PBS-T and 50 l of goat anti-rabbit IgGalkaline phosphatase (1:5,000) (Sigma, St. Louis, MO) in antibody dilution buffer was added to each well and the plates were incubated at 37ЊC for 2 h. Colorometric reactions were read at A 405 nm after addition of 0.5 mg/ml substrate (p-nitrophenyl phosphate disodium, in 1M diethanolamine buffer containing 0.5 mM MgCl 2 , and 0.02% sodium azide) to each well. Absorbance values (A 405 ) were taken at 1 and 2 h after the addition of substrate on an ELISA plate reader (BioTek Instruments, Winooski, VT).
Collection of T. tabaci. To standardize the detection technique in individual thrips, thrips samples were collected from various locations in Georgia. The samples were collected from onion cull piles (TtR), imported onion plants that were tested for IYSV (TtT), and T. tabaci maintained under controlled greenhouse conditions (TtC).
To further validate the test, thrips collected from IYSV-infected onion Þelds were tested. During the cropping seasons of 2008 and 2009, T. tabaci were collected from two different experimental Þelds: Field A adjacent to an overwintering Þeld and another Field B was located at least 2 km away from any overwintering onion Þeld. Both Þelds were located at the Oregon State University Hermiston Research and Extension Center, Hermiston, OR. The soil was an Adkins Þne sandy loam (coarseÐloamy, mixed mesic Xerollic Camborthid). The area was fumigated in the fall with Sectagon applied at 40 gpa. "Vision" onions were seeded on 6 April 2008, 2Ð30Ј beds per plot, 34Љ between beds, 4 rows per bed, with a Monosem vacuum precision planter. On 11 April, Dacthal (dimethyl tetrachloroterephthalate) was broadcast at 6 lb per acre for weed control and fertilizer (10-35-0 N-P 2 O 5 -K 2 O) was banded over the seed rows. Lorsban (chlorpyrifos) was banded over the planting rows at 3 pt per acre to control seed corn maggot. In 2008, poor stand resulted in plots being rototilled and replanted on 4 May. Dacthal and Lorsban were applied at 6 lb per acre and 1 qt per acre, respectively, on 8 May. On June 7 Prowl (pendimethalin) herbicide was applied 1.2 pt per acre, along with Goal 2XL (oxyßuorfen) at 0.5 pt per acre and Buctril (bromoxynil) at 1.2 pt per acre. Additional nitrogen was applied through the center pivot irrigation system. The same procedure was followed in 2009. There were no seed corn maggot issues. The crop was grown according to normal commercial production practices. Beginning early June, 10 plants per Þeld were removed weekly, bagged, and transferred to the laboratory, leaves were examined for damage, and thrips were counted.
Subsamples of thrips were slide-mounted to verify their identiÞcation. Ninety-nine percent of the thrips collected were T. tabaci, while the remaining 1% was identiÞed as F. occidentalis (http://www.ento.csiro. au/thysanoptera/worldthrips.php). Thrips were collected at an interval of 7 d from 10 different plants per Þeld, sorted, and stored in 100 ml of 0.1 M phosphate buffer at Ϫ20ЊC until further analysis. T. tabaci were identiÞed and tested for the presence IYSV by DACÐ ELISA using antiserum speciÞc to the NSs of IYSV.
Results
The antiserum produced to the recombinant fusion protein of NSs was Þrst tested for speciÞcity against the homologous puriÞed protein. The antiserum was speciÞc to E. coli-expressed and gel-puriÞed IYSVÐ NSs, and IYSV-infected onion sample in immune blot (western blot) assay. A band of expected Ϸ50 kDa, which was absent in the healthy control, was detected suggesting the speciÞcity of the antiserum. The antiserum reacted with and detected only the 50 kDA protein and not with any proteins in the uninfected, healthy sample (negative control).
To further validate the speciÞcity of the antiserum, onion samples collected from different parts of the United States were tested. The antiserum could detect IYSV in a wide range of onion samples collected from California, Idaho, New York, and Washington. The antiserum did not react with INSV or TSWV-infected plant samples suggesting the speciÞcity of the antiserum to IYSV and the lack of cross reactivity to corresponding proteins coded by INSV and TSWV (Fig. 1) . The absorbance reading after 1 h of incubation was able to differentiate between healthy and infected samples. Usually, there was a signiÞcant increase in the absorbance values after 2 h of incubation (Fig. 1) .
Individual thrips were then tested using this ELISA assay for its ability to detect IYSV in adults collected from onion Þelds in Georgia. The antiserum was able to detect IYSVÐ NSs protein in individual thrips; thus, potentially differentiating the viruliferous adults from the nonviruliferous (Fig. 2) . Of the total thrips tested, 35.7% (5 out of 14) from onion cull piles and 58.9% (33 out of 56) thrips from a colony maintained on IYSVinfected onions tested positive with the NSs antiserum. Thrips maintained on healthy plants and those used as negative control did not react to the antiserum (Fig. 2) . There was a signiÞcant increase in color development after 2 h of incubations, and provided clear differentiation between the viruliferous and nonviruliferous thrips.
In the Þeld plot of Oregon State University, Hermiston, thrips collected from the onion Þelds were serologically tested to differentiate between viruliferous and nonviruliferous thrips. and c) and Field B ( Fig. 3b and d) , the highest incidence of thrips was during middle of July, for both years 2008 and 2009. From Field A, the highest proportion of viruliferous thrips (75 and 35%) and the highest thrips incidence were found during 22 July 2008 and 21 July 2009, respectively, ( Fig. 3a and c) . For Field B, which was far removed from any overwintering onion Þeld even with the presence of infected onion in 2008, the thrips collected during the experimental period were nonviruliferous as none of the thrips tested were found to be positive to IYSVÐ NSs (Fig. 3b) . However, during the cropping season of 2009, the maximum numbers of viruliferous thrips were present in both early (23 June 2009) and midseason (21 July 2009; Fig. 3d ). The percentage of viruliferous thrips decreased late in the season (Fig.  3aÐ d) . The antiserum was able to detect the virus in individual thrips collected from IYSV-infected onion Þelds.
Discussion
The ability to quickly identify potential transmitters among Þeld-collected thrips populations could facilitate a better understanding of the vector dynamics in a given cropping system. ELISA using polyclonal antibody raised against the NSs was able to detect IYSV in both onion plant samples and thrips. The antiserum detected the virually-coded protein in individual thrips collected from onion cull piles located in an open Þeld. In a similar study, Bandla et al. (1994) produced a monoclonal antibody to the NSs protein of TSWV and showed that the detection of NSs in adult thrips was correlated with the ability to transmit the virus.
Thrips collected from the two onion Þelds provided different results. Although the antiserum was able to detect the virus in individual thrips, from Field A, which was close to an overwintering Þeld, a higher proportion of viruliferous thrips were detected in both years, but in Field B, viruliferous thrips were not found in 2008 but detected in 2009. The differences in Þeld condition during subsequent years could be due to different environmental conditions that inßuence the disease and thrips incidence. Hsu et al. (2010) reported high larval densities per plant during early season mid July and late August.
Monitoring thrips in greenhouses or in the Þeld either by the use of sticky traps or manual counting is an important component of Integrated Pest Management (IPM) strategy for managing thrips populations to reduce their impact both as a pest and virus vector (Morsello et al. 2008 , Olatinwo et al. 2011 ). However, this gives no indication of viruliferous thrips at any given time point. A rapid and cost effective method for the reliable detection of virus in individual thrips would aid in the understanding the factors leading to IYSV epidemics. The ELISA-based method facilitates estimation of IYSV transmitters among thrips populations collected from plants grown either in protected or open Þeld conditions. The antiserum could potentially differentiate transmitters from nontransmitters because NSs is not part of the virion and is expressed in plants and thrips vectors only upon virus replication. Thus, detection of NSs in the insect is an indication of the virus replication and only those thrips in which virus had replicated are capable of transmitting the virus.
Results from this study suggested the antiserum produced to a NS of IYSV is effective in detecting the virus in plants and single thrips using ELISA. The E. coli-based protein expression systems offer a major advantage in obtaining proteins for antibody production because it is difÞcult to purify these proteins from virus-infected plant tissue as these proteins are not part of the virions. The antiserum produced was found to be speciÞc to IYSV and it did not react with two other distinct tospovirus species, INSV and TSWV. The ELISA-based assay described here is being used to conduct studies on the seasonal dynamics of IYSV transmitters among onion thrips collected from onion Þelds.
Information on the seasonal dynamics of viruliferous thrips could be useful in reÞning thrips management tactics as part of an IPM strategy for reducing the impact of thrips-transmitted IYSV. This along with other control tactics, such as manipulating planting and harvest dates (Hsu et al. 2010) , and other cultural practices, such as managing nitrogen levels (Buckland et al. 2013) , could enhance the effectiveness of the existing IPM programs for reducing the impact of thrips and IYSV in onion.
